therapeutic drug concentrations cannot be switched to biologicals within class. For patients in clinical remission, the cost of biological treatment can be decreased by dose tapering patients with supra-therapeutic concentrations and/or by switching patients with adequate drug concentrations and no formation of ADA to biosimilar, whereas efficacy can be increased by dose-intensifying patients with low or transient ADA and by switching patients with persistent ADA to biologicals within or out-off class. Conclusions: As an objective tool, therapeutic drug monitoring can identify patients who are eligible for dose tapering, intensification of treatment, cessation of treatment, switching within-or out-ofclass and switching to biosimilar.
Introduction
Inflammatory bowel diseases (IBD) encompass 2 wellestablished but not entirely discrete disease entities, Crohn's disease (CD) and ulcerative colitis (UC). Over 1 million residents in the United States and 2.5 million in Europe are estimated to have IBD [1] . Chronic inflam-ing approval in Europe for treatment of UC and CD. Vedolizumab is a monoclonal antibody blocking the interaction between α 4 β 7 integrin on lymphocytes and the mucosal addressin cell-adhesion molecule protein-1 on endothelial cells, thereby hampering lymphocyte migration to inflamed areas of the gut [2] . Biologicals usually provide a tight disease control and use of these powerful drugs leads to a better quality of life, decreased disability and improved work/school productivity. However, not all patients will respond favourably to treatment with biologicals. Some patients do not respond at all (primary non-responders), while other patients respond initially but show loss of response over time despite increased doses and/or more frequent administration of the drugs (secondary non-responders). One of the main causes for this loss of response is the formation of anti-drug antibodies (ADA), which lower the serum levels of biological drugs by inactivating the drug and by increasing the clearance, leading to the premature termination of therapy [3] . Drug concentrations in serum of patients can be monitored and correlated with biological, clinical or endoscopic response. A drug concentration-response has been demonstrated for infliximab, adalimumab and golimumab and optimal infliximab and adalimumab concentration thresholds have been defined for different outcomes such as clinical response, clinical remission, mucosal healing, decrease in C-reactive protein, … [4] [5] [6] [7] [8] [9] [10] [11] . The pharmacokinetics and pharmacodynamics of biologicals are potentially influenced by many factors, such as gender, weight, age, disease type and severity, ADA, albumin, co-medication and other unidentified factors [12, 13] . Pharmacokinetics is inferred from an analysis of a population of patients. A population model identifies the pharmacokinetic model that best describes 'the typical patient', identifies those covariates that are important for this drug in this cohort of patients and quantitates the variability in the kinetics of the drug between individuals [14] . Subsequently, the dosage regime can be adjusted to reach a target in a particular patient for a particular drug at a particular 'disease moment' and this dosage regimen is determined by drug characteristics, patient (baseline) characteristics and the formation of ADA. Therapeutic drug monitoring (TDM) is a tool which, on the basis of the drug and anti-drug antibody concentrations measured in serum, allows the dose of biological to be adjusted in order to maintain or regain response [15] . Quantifying the immune response through the measurement of ADA provides valuable information on whether undetectable or low drug concentration is caused by the neutralization of the drug. However, most of the ADA assays are drug sensitive and this hampers the detection of ADA in the presence of the drug. Recently, a number of drug-tolerant anti-drug antibody assays have been described that can detect antibodies in the presence of the drug [16] [17] [18] . In addition, TDM could also be used to dose reduce patients with supra-therapeutic concentrations [4] .
Decreasing Proportion of Primary Non-Responders
Primary non-response is defined as lack of improvement of clinical signs and symptoms after the induction phase leading to the discontinuation of the drug [19] . In a real-life cohort study, primary non-response is often defined as no benefit after a median of 2 administrations and discontinuation of treatment [20] . For the anti-TNF biologicals, primary non-response has been attributed to 'non-TNF-driven disease', which is a simplified approach of the problem. A recent paper suggested that patients who respond but fail to achieve remission, which is a combination of both patients who partially respond but do not remit and patients who have no response at all, are likely almost all due to insufficient drug [21] . The clinical evaluation of the patient after the induction phase should therefore take into account drug serum concentration and if drug concentration is below the threshold value, drug intensification should be considered, whereas patients with a lack of response and concentrations above threshold can be considered to be true non-responders and could be switched to a biological out of class. Distinguishing primary non-responders from patients with insufficient drug exposure during induction will improve drug efficacy ( fig. 1 ).
Guidelines on Secondary Non-Responders
When patients show loss of response to biologicals, treatment is adjusted by using one out of 3 empirical strategies: (1) intensifying therapy by creasing the dose or shortening the dose-interval of the biological; (2) switching to a biological with the same target (within class: for example from infliximab to adalimumab); (3) switching to a biological with a different mechanism of action (out of class: for example from infliximab to vedolizumab) [12] . This strategy, however, is often inadequate, since patients with high titers of ADA will most likely not respond to dose intensification, and patients with loss of response who have therapeutic drug concentrations are unlikely to respond to treatment with another biological with the same mechanism of action. Recently, a number of studies have included TDM as a guideline for treating algorithms for patients losing response to biologicals. These algorithms take into account that patients with high titers of ADA will most likely not respond to dose intensification and that patients with therapeutic drug concentrations are unlikely to respond to treatment with a biological with the same mechanism of action [22] [23] [24] .
Optimizing Patients in Clinical Remission
The challenge of the future is to improve the efficacy of biologicals without increasing costs inherent to biologicals, since infliximab and adalimumab currently are responsible for incurring the heaviest medicinal expenditures in many countries [25] . This could be done by treatment optimization of patients in clinical remission that continue treatment, since it has been shown that half of these patients may still have an active inflammation as gauged by biochemical or endoscopic measures [26, 27] .
Patients in clinical remission with drug concentration above the upper threshold value could be eligible for a dose decrease or an interval increase based on the condition that the drug is continuously monitored in order that patients do not get underexposed. The fact that patients in clinical remission with drug concentrations above the threshold value can be dose reduced without decreasing clinical outcome was effectively illustrated by the landmark TAXIT trial in which 263 patients receiving maintenance therapy for at least 14 weeks and in stable clinical response, defined as being symptom-free (full [4] . Upon inclusion, 44% of patients had infliximab trough concentrations within the defined threshold of 3-7 μg/ml. Of the remaining 148 patients, 51% underwent dose escalation and 49% underwent dose reduction in order to achieve trough concentration within the 3-7 μg/ml window and to be randomized into groups that received infliximab dosing based on their clinical features or continued dosing based on infliximab trough concentrations. In the dose-reduction group, no significant change was observed in the proportion of CD and UC patients in remission. Thus, the cost of biological treatment could be decreased by dose tapering patients in clinical remission with supra-therapeutic drug concentrations.
Patients in clinical remission with a trough concentration within the therapeutic range could be considered for switching to a biosimilar. In September 2013, EMA issued the marketing authorisation of the first biosimilar of Remicade ® , CT-P13, to 2 applicants, Celltrion Inc. Union. In addition, biosimilars of adalimumab are making their way to the market. Because of their intrinsic complexity and being dependent on the manufacturer, a biosimilar cannot be seen as an exact copy of its originator product [28] . Approval of Remsima ® and Inflectra ® implies that all major physicochemical characteristics and biological activities of the biosimilar were shown to be comparable to those of Remicade ® . Even though significant differences in the amount of fucosylation have been observed, the European regulatory authorities concluded that these differences do not have an impact on the clinical properties. Previous randomized controlled trials indeed demonstrated the bioequivalence and therapeutic equivalence for CT-P13 in ankylosing spondylitis and rheumatoid arthritis patients [29, 30] . These results were extrapolated to IBD for the purpose of approval by EMA. After approval, few studies reported efficacy data after induction therapy with CT-P13 in IBD patients [31] [32] [33] . Still many clinicians doubt the effectiveness and safety of biosimilars because of the lack of experience with these products and the lack of knowledge about their immunogenic potential and do not prescribe biosimilars although 20-34% less expensive than the originator. [35, 36] . The switch study did not mention if these were the 5 patients that needed to stop treatment. This study does provide solid evidence that switching from the originator to a biosimilar is safe and effective. Since ADA were measured using a drug-sensitive assay, it cannot be concluded that the newly detected ADA in the 2 patients that developed ADA during the 16 weeks were pre-existing. Therefore, switching during maintenance treatment can be performed in patients with adequate drug concentrations and no ADA measured using a drug-tolerant anti-drug antibody assay ( fig. 2 ) . Patients with therapeutic drug concentrations but measurable ADA should not be switched and drug and ADA should be monitored closely to determine if antibodies are transient or persistent [37] . In case of persistent antibodies, antibody titer will most likely increase with time leading to an excess of antibody over drug, an undetectable drug concentration and consequently loss of clinical response.
Underexposure to the drug leads to secondary loss of response, which often evolves into disease progression and, in case of IBD, to surgical resections of the inflamed bowel. TAXIT revealed that in patients with sub-therapeutic concentrations dose escalation increased the number of CD patients in remission from 65% before optimization to 88% after dose escalation, whereas for UC patients dose escalation did not significantly affect the proportion of patients in remission [4] . Dose escalation is however not recommended when patients develop high titers of antibodies since increasing the dose will only lead to an increased antibody formation. Patients with high antibody titers should therefore be switched to another biological within-or out-of-class but not to a biosimilar. Since it has been shown that antibodies towards infliximab do not cross-react with adalimumab, patients developing high titers of antibodies towards infliximab can be switched to adalimumab but have a higher risk to develop antibodies towards a second biological [38] . In addition, the formation of antibodies can sometimes be transient and overcome by increasing the dose, shortening the interval or by adding an immunomodulatory [18, 37, [39] [40] [41] . The question as to when patients have to stop treatment and switch to another biological arises. Recently, Roblin et al. [18] showed that stable ADA towards infliximab (ATI) defined by at least 2 consecutive time points were associated with loss or response, whereas transient ATI had no impact on loss of response rates. Detection of ADA is often a qualitative approach to define ADA positivity and so far, an optimal cut-off titer could not be defined due to 3 hurdles. The first hurdle was the variety of assays to determine ADA from homogenous mobility shift assays, over cell-based assays to radio immune assays and ELISA. The different formats detect different types of antibodies and have different sensitivities. The second hurdle was inherent to the assay and concerns the drug tolerance. Many assays do not detect antibodies in the presence of the drug. Most of the drug-tolerant assays make use of acid to dissociate drug-anti-drug complex, but harsh conditions can deform antibodies causing false positives. Therefore, only mild acidification should be performed. The bridging assay, in which the drug is used both to capture and detect anti-drug antibody, is widely used but cannot detect ADA in the presence of the drug.
However, a recent paper demonstrated that the protocol of the bridging assay can be adapted easily through 2 pretreatments steps increasing drug tolerance without causing false positives [16] . A third hurdle was the lack of standardization of the calibrator between the different assays. While in the TDM assays, drug itself is used as calibrator, anti-drug antibody assays use no or an arbitrary calibrator. The availability of a universal calibrator could greatly enhance the comparison between different assays. The Leuven group has generated monoclonal antibodies that can be used in different assay formats such as cell-based assays and ELISA and in both drug-sensitive as well as drug-tolerant assays for infliximab, adalimumab and golimumab [6, 42, 43] . A monoclonal antibody has the advantage of continuous production and perpetual features. The landmark TAXIT trial used a first-generation bridging assay with a polyclonal antibody as calibrator and a cut-off value of 8 μg/ml ATI to exclude patients from randomization [4] . In the meantime, this assay has been optimized to increase sensitivity and reduce aspecific binding and it uses the monoclonal antibody MA-IFX10F9 as calibrator. ROC analysis revealed that 8 μg/ml polyclonal antibody titer corresponds with 400 ng/ml MA-IFX10F9 equivalents (unpublished results). Treatment efficacy can be increased by dose-intensifying patients with low or transient ADA and by switching patients with persistent ADA to biologicals within-or outof-class ( fig. 2 ).
Conclusion
The advent of biological therapies raised significant pharmaco-economic concerns because the cost of biological treatment is much higher than the cost of conventional treatments, typically in the range of €10,000-20,000 per patient per year. Although biologicals are highly expensive, they are vital for patients unresponsive to initial treatments and can prevent consequences of inadequate treatment regimens, such as invasive surgery or relapse, which often needs hospitalization. Moreover, indirect costs, such as loss of productivity due to unemployment and missed days of work of patients and caregivers, represent up to twice the direct healthcare costs. This means that, although the introduction of biologicals induced an increase of healthcare expenses for drug therapy, it also proved to reduce complications associated with disease progression, hospitalizations and surgical interventions. A 'treat-to-target' strategy based on regular assessment of both disease activity and drug concentrations by objective measures and subsequent adjustment of treatments is a new paradigm for the management of chronic inflammatory diseases, which will avoid the unnecessary expenditure of money due to inadequate drug use. Moreover, the increased knowledge on immunogenicity of biosimilars will enhance the acceptance of biosimilars in clinical practice. Since several infliximab assays have demonstrated equal reactivity with Remsima ® and Inflectra ® [34] [35] [36] , there is a need to conduct TDM with biosimilars.
Assays should come at a reasonable price, should be easy to perform and preferably allow one sample at the time of analysis with a short time-to-result. The availability of bio similars and assays to monitor biosimilar concentrations will allow the implementation of both in daily clinical practice.
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